The protein sequence of a representative of the zeins, the major storage proteins of maize, has been derived from the nucleotide sequence of a zein cDNA clone. This cDNA was sequenced both by the Maxam and Gilbert and the M13-dideoxy techniques. The nucleotide sequence encompasses the non-translated 3' terminus of the mRNA, the entire coding sequence specifying both the mature zein protein and a small signal peptide, and a portion of the non-translated 5' region. The deduced amino acid composition and the amino-terminal amino acid sequence closely resemble those derived from chemical analysis of the zein protein fraction. The data presented represent the first complete amino acid sequence of a plant storage protein.
INTRODUCTION
Storage proteins form one of the most abundant protein classes in the developing seed. This abundance and the resultant nutritional importance of these proteins has led to their characterization in the seeds of many legumes and cereals. Since they have no known enzymatic function, storage proteins are classified on the basis of their physical properties. In maize, the ethanol-soluble or prolamin fractioti, the zeins, constitutes as much as half of the total protein of the endosperm (1) . These proteins are synthesized on polysomes bound to the surface of protein bodies, the membrane-bound subcellular structures within which they are stored (2) (3) (4) . This synthesis is developmentally regulated, beginning about 14 days after pollination (5) .
Analysis of the overall amino acid composition of the zein fraction reveals a group of hydrophobic proteins, rich in glutamine, leucine, proline, and alanine, but low in the essential amino acids lysine and tryptophan (6) .
SDS gel electrophoresis of the fraction indicates two predominant components of apparent molecular weights 19,000 and 22,500 (7) , but minor components having higher and lower molecular weights may be present. Other means of analysis, however, including isoelectric focusing (7, 8) , partial amino acid sequence analysis (9, 10) , and cDNA hybrid-selection translation (11) reveal extensive microheterogeneity, involving twenty or more different component proteins. This combination of near-homogeneity according to size with microheterogeneity limits the success of direct protein sequencing of unfractionated zeins. Bietz and colleagues (10) have succeeded in obtaining the sequence of the 33 N-terminal amino acids of a mixture of zeins, but microheterogeneity restricts extension of this effort.
These difficulties led us to explore another approach to the determination of a zein amino acid sequence. Isolation of protein bodies and their attached polysomes allows one to obtain zein mRNAs (12) , which may then be reverse transcribed into cDNA (13) . Cloned cDNAs, derived from individual zein mRNAs, allow the sequencing of a single message and consequently the unambiguous derivation of a zein protein sequence.
We selected one such cDNA clone, A30, for sequence analysis. This clone had been previously characterized by restriction analysis and hybrid-selection translation (11 concerning the size, amino acid composition, and amino acid sequence of the zein fraction; we conclude that the deduced protein is a zein and that a short signal peptide is attached at its N-terminus. We also observed that the carboxy-terminal two-thirds of the protein appears to consist of 7 or 8 tandem repetitions of a highly conserved 20 amino acid repeating unit.
MATERIALS AND METHODS

Reagents
The restriction endonucleases Rsa I and Pvu II were purchased from New England Biolabs. T4 polynucleotide kinase, DNA polymerase (Klenow subfragment), and the other restriction endonucleases were purchased from Bethesda Research Labs. Bovine alkaline phosphatase was obtained from Worthington Biochemicals. T4 DNA ligase was isolated, stored, and used as detailed by Tait and colleagues (19) . All other enzymes were used as recommended by their supplier. (y 32 P)dATP (5000Ci/mmole) was obtained from ICN and (y 32 P)dATP (400Ci/mmole) was obtained from Amersham.
Cloning vectors and their hosts
The plasmid A30 and its growth conditions (11) , and the phage vector M13mp7, its j2. coli host JM103, and its growth conditions have been previously described (18) .
Sequencing by chemical modification
Selected restriction fragments of A30 were isolated, end labelled, processed and sequenced as described by Maxam and Gilbert (14, 15) ; a modification of the A+G reaction, described by Gray et al. (16) , was employed.
Fragments labelled with 3 2 P on only one end were obtained by cleavage with a second, asymmetrically cleaving restriction enzyme, followed by preparative polyacrylamide gel electrophoresis and electro-elution.
Subcloning and dideoxy sequencing A30 was restricted by Tag I, releasing the insert flanked by some pMB9
sequences. This fragment was isolated by electro-elution from an agarose gel and cleaved to completion with Alu I. The resulting subfragments were cloned into the Hind II site of M13mp7 by blunt end ligation. To obtain the 3'-terminal sequence, an additional 250 base pair (bp) Alu I-Rsa I fragment was isolated by preparative polyacrylamide gel electrophoresis and separately cloned into the same site. Conditions of cloning, transformation, propagation of M13mp7, isolation of both replicative form and single-stranded DNA, and dideoxy sequencing were as previously described (17, 18) .
All experiments have been performed in accordance with NIH guidelines.
RESULTS AND DISCUSSION
Sequencing strategy
In sequencing the zein cDNA A30 we employed a two-stage procedure.
First, restriction mapping begun previously (11) was extended. These data were used to facilitate easy and unambiguous cleavage, isolation, end-labelling, recleavage, and reisolation of singly labelled fragments which could then be sequenced by the method of chemical modification (14) (15) (16) . This approach yielded the sequence of at least one strand of the entire clone, as illustrated in Fig. 1 .
This information was used to determine all the endonuclease restriction sites of the cDNA insert. Based on this examination we selected the restriction enzymes Alu I and Rsa I for subcloning. They were used to cleave an isolated Tag I fragment of A30 that contained the cDNA insert. These subfragments were of a size to be conveniently cloned into Previous work had presented evidence that the 19,000 dalton zein protein is initially synthesized as a protein precursor, bearing a 1100 dalton signal peptide on its N-terminus which is cleaved off during maturation (12) . This (Fig. 3 ) . Further, the deduced amino acid composition (minus the signal peptide) closely parallels that of the zein fraction as a whole (21, Table 1 ). In summary, these comparisons confirm that A30 represents a member of the zein mRNA family. sequence to these data reveals that the sequence coded by A30 resembles more closely that of the lower molecular weight classes (Fig. 3 ) . In addition, the amino acid composition of the A30 protein more closely parallels the properties of the 19,000 dalton class (21, Table 1 a a a a. We assumed that the aspartic and glutamin acid residues were In the form of asparagine and glutamine.
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of these features is worth noting.
As mentioned above, the precursor to the zein protein coded by A30
apparently possesses a 12 amino acid signal peptide, with a highly hydrophobic composition. Numerous examples of such peptides preceding animal, viral, and prokaryotic proteins have been characterized (22) . The zein signal peptide is similar to these in that the final residue is an alanine and the sequence is hydrophobic. In contrast to these other examples, which range in length from 16 to 29 residues, this signal peptide is apparently only 12 amino acids long.
This size is in agreement with previous published estimates (12) . Of underrepresented in animal DNA (26) , is also underrepresented here. It constitutes only 1.5% of the dlnucleotides, compared to an expected frequency of 4.7%. In contrast, the dinucleotide GpC represents 7.8% of the dinucleotides in A30, while its expected frequency is also 4.7%.
Second, most eukaryotic messengers previously examined have near their 3'-terminus the sequence 5'-AATAAA-3', thought to be a signal for polyadenylation or processing (27, 28) . This sequence may also be found about 60 nucleotides from the 3' end of the A30 insert; this position, however, is much farther from the site of polyadenylation than has been previously observed. Nearer the noted location for this putative recognition sequence one finds the sequences 5'-AATAAG-3', a possible variant of the usual signal. This arrangement might represent a situation similar to that seen in the mouse a amylase mRNAs where multiple polyadenylation sites are present (31) . Future use of the M13-A30 recombinant clones As a byproduct of the process of dideoxy sequencing, we have generated a number of M13-A30 recombinant clones, containing well defined regions of the zein messenger sequence. One such clone, for example, contains the carboxy terminus and the 3' nontranslated region, another carries the 5' leader fragment and the signal peptide, while a third contains a single copy of the amino acid repeating unit. Such clones will prove useful in future studies, for they can be easily made into highly specific and extremely sensitive probes which may be used in hybridization studies of both the messenger population and the genome (29, 32) .
CONCLUSION
The approach utilized by this work has allowed us to obtain the amino acid sequence of a zein protein. Additional protein sequences derived by this procedure will be needed, however, before we can be sure that artifacts have not been introduced during the formation of the cDNA or the growth of the plasmid in J2. coli. Comparison of cDNA clones from a given zein mRNA family (11) will be particularly instructive since the amino acid sequences should be closely related. The cloning procedure offers what may be the most effective way to obtain this type of amino acid sequence data for the group of closely related polypeptides that represent the zein storage protein fraction in maize endosperm.
